and basal forebrain of female rats, and this neuropeptide may play a role in the generation of the midcycle surge of gonadotropin secretion. We tested the hypothesis that galanin gene expression in GnRH cells increases during proestrus.
To accomplish this, we killed groups of adult female rats at 1200 and 1800 h on the day of proestrus as well as at 1800 h on the day of estrus and used double labeling in situ hybridization and image analysis to estimate and compare the levels of galanin mRNA in cells coexpressing GnRH mRNA. GnRH mRNA was detected with an antisense cRNA probe labeled with the hapten digoxigenin, while the galanin cRNA probe was labeled with % and detected by autoradiography.
There was no significant difference in the total number of GnRH cells identified in each animal in any of the different groups in any experiment.
The relative number of silver grains over these cells, reflecting galanin mRNA content in GnRH neurons (identified by their purple color), was counted with a computerized image analysis system. In an initial experiment, we observed a 2-fold (P < 0.03) higher galanin mRNA signal level in the animals killed at 1800 h than in those killed at 1200 h on the day of proestrus. Animals killed at 1800 h on the day of estrus had galanin mRNA signal levels that were not statistically different from those in the proestrous 1800 h group, indicating that the increase in galanin mRNA at proestrus is maintained for at least 24 h. Galanin mRNA levels in GnRH neurons returned to basal levels equivalent to those in the proestrous 1200 h group by 1000 h on diestrous day 1. In conjunction with the studies of galanin gene expression in GnRH neurons, we compared the relative cellular contents of GnRH mRNA among the same groups. Here, we used single labeling isotopic in situ hybridization for GnRH mRNA and computerized image analysis to count the resulting silver grains. We could detect no difference in GnRH mRNA signal levels (proestrus, 1200 h us. proestrus, 1800 h us. estrus, 1800 h). In a final experiment, we investigated the possible role of estrogen in the induction of galanin mRNA expression at proestrus by comparing relative galanin mRNA contents in GnRH neurons among groups of ovariectomized, intact (diestrous day l), and ovariectomized 17@-estradiol-replaced female rats. We observed a significant (P < 0.006) decrease in galanin mRNA levels in ovariectomized animals relative to diestrous day 1 animals, which was blocked by estradiol replacement. We conclude that galanin mRNA levels in GnRH neurons of the female rat are increased during proestrus and that the rise in plasma estrogen occurring early in proestrus may stimulate expression of galanin mRNA. These observations suggest that an increase in galanin gene expression subserves increases in the synthesis and secretion of galanin by GnRH neurons, which could enhance the ability of cosecreted GnRH to stimulate gonadotropin release at the time of the preovulatory surge. (Endocrinology 132: 1836 (Endocrinology 132: -1844 (Endocrinology 132: , 1993 G ALANIN is a gut-brain peptide produced in hypothalamic neurons and the anterior pituitary (1, 2). Based on several lines of evidence, galanin is thought play a role in the regulation of the secretion and activity of hormones governing reproductive function (3, 4). Pharmacological administration of galanin into the brain evokes LH release (5), acting either through receptors in the median eminence (6) or via a direct effect on pituitary gonadotropes (4). Furthermore, galanin content in the hypothalamus of female rats increases near the time of the proestrous surge of gonadotropins (7), suggesting that galanin participates in the neuroendocrine control of ovulation. Galanin is also colocalized with GnRH in a subset of hypothalamic neurons. Studies in which either immunocytochemistry (7) or in situ hybridization (8) was employed have demonstrated that the galanin gene is expressed in 50-65s of hypothalamic GnRH neurons in female rats, indicating that in addition to GnRH itself, galanin expression in GnRH neurons may be an important component in the regulation of gonadotropin release. Collectively, these observations imply a physiological function for galanin in the neuroendocrine regulation of gonadotropin secretion.
We wished to examine whether the expression of galanin mRNA changes across the estrous cycle and determine whether estrogen regulates the expression of galanin mRNA in GnRH neurons. To accomplish these objectives, we used double labeling in situ hybridization to identify GnRH mRNA-containing neurons and simultaneously to estimate cellular levels of galanin mRNA in these cells.
Although galanin may play a role in the modulation of interactions between the hypothalamus and the anterior pituitary, GnRH is the primary regulator of pituitary gonadotropin synthesis and secretion (9-11). In female rats, the enhanced discharge of LH observed on the afternoon of proestrus (12-14) is associated with an increase in the expres-sion of the protooncogene product of the c-fos gene, cFos, in GnRH neurons, indicating that these cells are activated (15) (16) (17) (18) (19) (20) Experimental groups included animals that were killed on the day of proestrus at 1200 h (n = 3) and 1800 h (n = 4) and those killed on the day of estrus (1800 h; n = 3).
Exp 2. To confirm and extend the findings of Exp 1, animals were killed on the day of proestrus [1200 h (n = 3) and 1800 h (n = 4)], the day of estrus (1800 h; n = 3), and diestrous day 1 (diestrus 1; 1000 h; n = 4 that was similar to that described for the single label in situ hybridization.
The galanin 35S-labeled probe was mixed with the digoxigenin-labeled GnRH cRNA probe in hybridization buffer.
After the stringent washes of the second day, the slides were placed in 2 X SSC and 0.05% Triton X-100 containing 2% normal sheep serum for 30 min. The slides were washed in buffer 1 (100 mu Tris-HCl, pH 7.5, and 150 rnM NaCl), then incubated for 3 h at 37 C with antidigoxigenin antibody fragments conjugated to alkaline phosphatase (Boehringer Mannheim) diluted 1:lOOO in buffer 1 containing 1% normal sheep serum and 0.3% Triton X-100. The slides were washed and incubated in a chromagen solution for 4 h at 37 C. The reaction was stopped, and the slides were air dried. Before being dipped in emulsion, the slides were dipped in 3% Areas examined for cellular galanin mRNA content in single labeled cells included the preoptic area, the diagonal band of Broca, the bed nucleus of the stria terminalis, the supraoptic nucleus, and the median preoptic nucleus. In all experiments, the sections were anatomically matched between groups, and the analysis was performed by an operator unaware of the animal's experimental group. GnRH cells were identified under brightfield illumination by the presence of a dark purple-stained cell body, as previously described (8). To avoid the subjective decision of whether a GnRH neuron was double labeled, all GnRH neurons were analyzed for galanin mRNA content by grain count measurements.
If it were true that only some GnRH neurons express galanin mRNA, then the estimates we derived for galanin mRNA content in the entire population would underestimate the true values of the subset that do, in fact, express galanin mRNA.
Single labeled galanin neurons (without purple-stained cell bodies) were identified by the presence of a discrete grain cluster, as previously described (8, 34), and these grain counts were used to derive estimates of galanin mRNA content in this population.
Because the selection criteria for this population may eliminate cells expressing galanin mRNA at low levels, the galanin mRNA signal levels we report will have overestimated their true
Statistical analysis
For all experiments, n refers to the number of experimental animals within a group, and this was the n used in the analysis. For cellular GnRH or galanin mRNA content determinations, the mean grains per cell from individual animals (and anatomical areas within animals) were used to calculate the mean + SEM for each group. In each experiment, the differences between groups were assessed by analysis of variance (ANOVA).
The 
Results

Hormone levels
The results presented in Table 1 reflect the fact that each of the animals in Exp 1-3 had a distinct LH surge on the day of proestrus. In Exp 4, the OVX sham-treated animals had negligible levels of plasma estradiol, while the diestrus 1 and Galanin mRNA content in GnRH neurons during the estrous cycle Exp 1. Animals killed at 1800 h on the day of proestrus had greater than 2-fold higher galanin mRNA signal levels in GnRH neurons than those killed at 1200 h on proestrus (1200 h, 29.7 f 7.7; 1800 h, 69.3 + 13.9 grains/cell; P < 0.02; Fig. 1A ). The animals killed at 1800 h on estrus had galanin mRNA signal levels not significantly different from those found at 1800 h on proestrus (es&us, 1800 h, 66.3 + 5.3; proestrus, 1800 h, 69.3 + 13.9 grains/cell; P > 0.80; Fig.  1A Fig. 2 .
Exp 2. In this experiment, we confirmed the results of Exp 1 and found that animals killed at 1800 h on the day of proestrus had 1.6-fold higher galanin mRNA signal levels in GnRH neurons than those killed at 1200 h on proestrus (1200 h, 23.2 + 4.2; 1800 h, 37.9 + 2.6 grains/cell; P < 0.02; Fig. 3 ). The animals killed at 1800 h on estrus had signal levels not significantly different from those found at 1800 h on proestrus (estrus, 1800 h, 45.6 + 5.2; proestrus, 1800 h, 37.9 + 2.6 grains/cell; P = 0.13). Animals killed at 1000 h on diestrus 1 had galanin mRNA signal levels (22.5 f 2.9 grains/cell) that were not different from those at 1200 h on proestrus, but were significantly lower than the levels at 1800 h on proestrus and 1800 h on estrus (P < 0.02, by ANOVA).
There was no difference between groups in the total number of GnRH neurons counted (proestrus, 1200 h, 88 + 14; proestrus, 1800 h, 66 + 5; estrus, 1800 h, 86 + 14; diestrus, 1000 h, 61 + 8; P > 0.20, by ANOVA; data not shown).
GnRH mRNA content across the estrous cycle Exp 3. We observed no significant difference among groups in either cellular levels of GnRH mRNA signal (proestrus, 1200 h, 179 + 12; proestrus, 1800 h, 180 + 8; estrus, 1800 h, 177 + 20 grains/cell; Fig. 4A ) or the number of GnRH mRNA-containing neurons (proestrus, 1200 h, 165 + 31; proestrus, 1800 h, 171 + 25; estrus, 1800 h, 188 + 10 total cells; Fig. 4B ). There was no significant difference in either the number of GnRH neurons or the cellular content of GnRH mRNA across anatomical areas (data not shown).
Exp 4. Long term (21-day) OVX rats killed at 1800 h had grain counts that were 31% of those in the intact cycling female animals killed at 1800 h on dies&us 1 (diestrus, 21 f 4; OVX, 6.6 + 0.5 grains/cell; P < 0.006; Fig. 5 ). This decline in galanin mRNA content in OVX animals was completely reversed in animals given 17/3-estradiol implants immediately after ovariectomy (OVX + E, 27 + 5; OVX, 6.6 f 0.5 grains/cell; P = 0.0007; Fig. 5 ). Intact (diestrous) females had grain counts representing galanin mRNA content in GnRH neurons that were not statistically different from those in the OVX + E females (OVX + E, 27 + 5; diestrus 1, 21 f 4 grains/cell; P > 0.3; Fig. 5 ).
Discussion
We report that galanin mRNA content in GnRH neurons varies during the estrous cycle in the rat. The day of proestrus is punctuated by a large increase in galanin mRNA content in GnRH neurons between 1200-1800 h. Relatively high levels of galanin mRNA are maintained for at least 24 h (until 1800 h on estrus), but return to nadir levels within 42 in GnRH mRNA-oositive cells throuahout the forebrain and rostra1 hypothalamus. h after the proestrous rise (1000 h on diestrus 1). These observations indicate that the increased levels of galanin peptide in GnRH neurons observed on proestrus by Merchenthaler and his colleagues (7, 36) is due to a stimulation of galanin gene expression and biosynthesis, rather than a decrease in axonal transport and release of the peptide. Moreover, we have demonstrated that the induction of the galanin gene in GnRH neurons is both robust and rapid, with the galanin mRNA signal increasing 2-fold in 6 h. The induction of galanin mRNA levels at proestrus appears to be restricted to GnRH neurons, since analysis of a large sample of galanin mRNA-containing neurons that did not colabel for GnRH revealed no changes in galanin mRNA content during the estrous cycle. Thus, the regulation of galanin expression by ovarian steroids in this defined subpopulation highlights the heterogeneous nature of the galanin neuronal population in the hypothalamus and strengthens the hypothesis that galanin is involved in the regulation of gonadotropin release.
The increase in galanin mRNA expression in GnRH neurons occurs during a period of activation of these cells. The proestrous surge in gonadotropin release is preceded by an increase in GnRH release into the portal vessels (37). This increase in GnRH release at proestrus may be facilitated by galanin acting through receptors in the median eminence (6). Indeed, galanin peptide enhances GnRH release from the median eminence in vitro in a dose-dependent manner (38), and galanin is found in relatively high concentrations in the portal plasma (4). This suggests that corelease of galanin from GnRH neurons could elevate the concentration of galanin in the vicinity of GnRH nerve terminals and thereby facilitate GnRH release. For maximal GnRH secretion at the midcycle surge, the GnRH neurons coexpressing galanin would, in theory, be those that are activated at proestrus and contribute to the generation of the LH surge. The pattern of GnRH neurons colocalizing galanin peptide (7) and its coding mRNA (8) is strikingly similar to the distribution of GnRH neurons activated during the proestrous LH surge (15, 20) . The increase in galanin mRNA is largely confined to cells in more caudal sections (data not shown), correlating with areas where steroid-induced induction of c-fos and c-jun in GnRH neurons occurs (15) (16) (17) 20 One of the earliest detectable events on the day of proestrus is a dramatic rise in plasma estrogen levels. The increasing estrogen level acts as a feedback signal to the hypothalamus, where it may regulate GnRH release through a number of mechanisms.
The importance of this feedback in the generation of the preovulatory surge in gonadotropins is demonstrated by studies of OVX rats in which a pharmacologically induced increase in plasma estrogen produces a surge-like release of LH (39). Although the regulation of LH release by estrogen is complex, GnRH neurons provide the final signal from the hypothalamus to the pituitary gonadotropes. Galanin may be uniquely suited to provide a direct estrogen-sensitive response within GnRH neurons that regulates their interaction with the pituitary. In this report, we have shown that a reduction of circulating estrogen levels is associated with a diminution of galanin mRNA levels in GnRH neurons and, conversely, that estrogen induces galanin gene expression in these same GnRH cells. The diminished grain counts in the OVX animals reflect the fact that grains were counted over all GnRH neurons and that very few (-10%) appeared to be unambiguously double labeled, whereas in the intact and estradiol-replaced animals, most GnRH neurons (-65%) were double labeled. The finding that the animals with estrogen implants did not have significantly higher levels of galanin mRNA in GnRH neurons relative to the intact females, despite having much higher levels of plasma estradiol, indicates that other factors, such as progesterone, may be required to obtain maximal induction of galanin mRNA in GnRH neurons. Alternatively, these results may reflect the difference between estradiol treatment for 21 days and the fluctuating levels of estradiol occurring over the estrous cycle.
Although estrogen influences total galanin mRNA levels (43, 44) . Alternatively, the GnRH neuron may itself be responsive to steroid hormones through a nontraditional pathway, such as a cell surface steroid receptor (45-47). In the case of either direct or indirect signaling to the GnRH neuron, the final common pathway of estrogen action may involve induction of cFos or cJun expression in GnRH neurons, which, in turn, alters the expression of the galanin gene in these cells. Indeed, the 5'-flanking region of the rat galanin gene is known to contain the AP-1 site required for transcriptional regulation by the Fos protein (48), and preliminary evidence suggests that the action of estradiol to induce galanin gene expression in the pituitary involves a requisite induction of cFos (49). It is conceivable that the induction of galanin mRNA in GnRH neurons that we observed on proestrus actually reflects the occurrence of a circadian event triggered in GnRH neurons every day of the cycle. Arguing in favor of this possibility is the fact that the LH surge itself is tightly coupled to a circadian oscillator, the activity of which can be revealed by constant exposure to estradiol (39). Arguing against the likelihood of this being a circadian phenomenon is the fact that during the estrous cycle, expression of Fos protein in GnRH neurons is limited to the afternoon of proestrus (15). Given that the galanin gene has an AP-1 site (48), we infer that induction of galanin mRNA in GnRH neurons is mediated through the immediate-early gene, cFos. Proof that induction of galanin mRNA in GnRH neurons is linked to the LH surge itself and is dissociated from the circadian rhythm generator must await a critical test of this hypothesis. The observation demonstrating the regulation of galanin mRNA in GnRH neurons contrasts with our findings related to cellular GnRH mRNA levels. In this case, we have shown that neither the number of cells expressing GnRH mRNA nor the content of GnRH mRNA in individual neurons changes during the three estrous cycle stages examined. Our results are in full accord with those of Malik (21) (22), who report that GnRH mRNA levels appear to vary across the estrous cycle. Although the studies of Park and Zoeller are themselves conflicting on several points, each testifies to a significant increase in GnRH mRNA on the afternoon compared with the morning of proestrus. Our own laboratory has shown changes in a number of other neuropeptide mRNAs in response to steroid manipulation, including GH-releasing hormone (50), somatostatin (51), POMC (52), and galanin. On the other hand, the use of identical experimental paradigms to study the regulation of the GnRH gene has shown that its expression is unaffected by dramatic changes in the steroidal milieu (Refs. 33 and 53 and the present study). In any case, the data presented here indicate that any changes in cellular content of GnRH mRNA are small relative to the changes in galanin mRNA in these same cells. It is conceivable that there are other peptides, receptors, or enzymes in GnRH neurons that are also sensitive to steroid levels, thereby providing a multifaceted response to gonadal feedback.
In summary, we have shown that expression of the galanin gene in GnRH neurons varies markedly across the estrous cycle and is induced by estrogen. Although the physiological significance of changes in galanin gene expression in GnRH neurons remains unknown, the available experimental data suggest that galanin plays an important role in the regulation of gonadotropin secretion. Based on the finding that the pattern of colocalization is sexually dimorphic, with much greater galanin expression in the GnRH neurons of females compared to males (7, 8), we would infer that galanin's role may be most important in processes unique to the female, such as ovulation.
